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PREFACE -

The model investigations reported herein were authorized by the Office, ";1
Chief of Engineers, U. S. Army, on 5 January 1978 at the request of the U. S.
Army Engineer District, Nashville (ORN). The studies were conducted by per-

sonnel of the Hydraulics Laboratory, U. S. Army Engineer Waterways Experiment ?ifi

Station (WES), during the period October 1978 to January 1982. All studies Tiii

were conducted under the direction of Messrs. H. B. Simmons, Chief of the

Hydraulics Laboratory, and J. L. Grace, Jr., Chief of the Hydraulic Structures
Division. The tests were conducted by Messrs. D. B. Murray, J. H. Ables, Jr.,
J. F. George, J. E. Hite, Jr., and T. E. Murphy, Jr., under the supervision of

Mr. G. A. Pickering, Chief of the Locks and Conduits Branch. This report was
prepared by Mr. Hite with the assistance of Mr. Pickering.

Messrs. B. Brown, L. Varga, and T. Gaddie of the U. S. Army Engineer
Division, Ohio River, and H. Gray, H. Phillips, R. Connor, T. Allen, -
B. Johnson, R. Fike, and B. Dunn of ORN visited WES during the study to dis- A'f

cuss test results and to correlate these results with concurrent design work. ﬁﬂ:
Commanders and Directors of WES during the testing program and the jﬁ;f
preparation and publication of this report were COL John L. Cannon, CE, :g-i

COL Nelson P. Conover, CE, and COL Tilford C. Creel, CE. Technical Director

was Mr. F. R. Brown. ]
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3 |
e CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) o
, UNITS OF MEASUREMENT e
o —‘-J
‘ U. S. customary units of measurement used in this report can be converted to ".
.: metric (SI) units as follows: 1
X Multiply By To Obtain ;A
o acres 4046.856 square metres )
»: cubic feet per second 0.02831685 cubic metres per second
‘ ‘3 feet 0.3048 metres -
N feet per minute 0.3048 metres per minute

T inches 25.4 millimetres

X kilowatt-hours 3,600,000 joules

'.; kips (force) 4448.222 newtons

:: miles (U. S. statute) 1.609344 kilometres

pounds (mass) 0.4535924 kilograms

T4
A
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Figure 1. Vicinity map

Figure 2. Barkley project
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X BARKLEY DAM SPILLWAY TAINTER GATE AND EMERGENCY BULKHEADS
X CUMBERLAND RIVER, KENTUCKY
Hydraulic Model Investigation @
“: ::::::
X g
% PART I: INTRODUCTION 3N
X B
-

e The Prototype .4
- 1. Barkley Lock and Dam is located on the Cumberland River about _"'.A'
."‘ 30 miles* above the confluence of the Cumberland and Ohio Rivers (Figure 1). ;
N The completion of Barkley Lock and Dam eliminated five smaller obsolete struc- :
::: tures along the Cumberland River and provided a 9-ft-deep navigable waterway
: up to mile 308. A canal located about 2.5 miles above the dam between Lake
Barkley and Kentucky Lake on the Tennessee River provides a navigable channel
-». for commercial vessels operating on the Cumberland River and connecting
:,3 waterways.
:\2 2. The project consists of a 12-bay gated spillway, a 110- x 800-ft
- navigation lock, a 130,000-kw hydroelectric power plant, and an 8,725-ft-long
rolled earth-fill dam. The reservoir covers about 21,600 acres at the minimum
g operating pool (el 345.0%%), and about 93,400 acres (flat pool) at the maximum R
a flood-control pool (el 375.0). The spillway design flood (620,000 cfs) can be *;1‘,‘
¥ passed with the reservoir at el 378.8 and the tailwater at el 375.6. “‘!
X 3. The Barkley and Kentucky reservoirs must be operated as a unit due -':-f‘:_
\% to the connecting channel between them; therefore the established operating ::;“;
S‘ patterns are similar. Joint operation under normal conditions provides for

holding the reservoirs at el 354.0 during the flood season, filling to
‘_‘:3 el 359.0 in the spring, and then gradually lowering back to el 354.0 during i“:}
’} the summer and fall. Drawdown of both reservoirs to as low as el 346.0 in
"1 advance of an anticipated flood could occur. :?:l',
’ 4. The spillway section is located between the lock and the powerhouse j
j (Figure 2) and consists of a concrete gravity section, with crest at el 325.0, -.‘
5 * A table of factors for converting U. S. customary units of measurement to J
zl metric (SI) units is presented on page 3. ::j-j
d *%  All e}evatiox_)s (el) cited herein are in feet referred to the National q
2 Geodetic Vertical Datum (NGVD). o
j 5 ;T
R
o ™
::3 o
:;" '''''' T T T e T T T 4__“1




surmounted by 12 tainter gates, each 55 ft long by 50 ft high. Concrete piers

12 ft wide support the gates and necessary bridging. The stilling basin con-
;‘ sists of a concrete apron terminated by a sloping end sill. The elevation of
the apron varies from 280.0 on the left side at the spillway to 263.0 on the
right side, approximating the elevation of the top of the rock. The stilling
basin is 61.5 ft long below ten of the gate bays and 125 ft long below the two

gate bays nearest the lock, in order to accommodate lock culvert discharge

N mainfolds.

ii Purposes of Model Tests

}g 5. The Barkley Dam spillway tainter gates have been observed to bounce

bl during periods of high tailwater and large gate openings causing adverse

:ﬁ stresses on the gate and gate chains. A model study was deemed necessary to

f: define the flow conditions which cause the "gate bouncing phenomenon," deter-

jf mine the hydraulic loads and load variations acting on the gate during this

Eﬁ occurrence, and make modifications to eliminate bouncing of the gate.

,E: 6. Emergency bulkheads are used at the Barkley Dam spillway to close

i off the flow of water and prevent a loss of pool should a spillway gate become

- inoperable. There is concern over the hydraulic loads that occur as the

.;E emergency bulkheads are lowered under flowing water conditions. The hydraulic

i; loads under flowing water conditions for the Barkley bulkheads were calculated
from model test data obtained from the New Cumberland model study and fur-

,éj nished in a letter dated 7 April 1960. The U. S. Army Engineer District,

:; Nashville, wanted assurance that the hydraulic loads were in the range of the

'.i original design before an emergency situation occurred. Therefore a model

- study was required to determine the hydraulic forces on the emergency bulk-

Qﬁ heads under flowing conditions at the Barkley Dam spillway.

-
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;»
;:EZ PART II: THE MODELS ;
. __;
{ Description R ]
;S 7. Three models were used in the investigation of the Barkley Dam f:é
o spillway and are described in the following paragraphs: ;j
o a. A 1:15-scale section model of the spillway tainter gate. ;i;
3 b. A 1:50-scale section model of the spillway tainter gate. S
%ﬁ c. A 1:15-scale section model of the emergency bulkheads. ﬁ )
:‘ 8. The 1:15-scale spillway tainter gate (Figure 3) was installed in a ":j
12-ft-wide brick flume (Figure 4). The model layout is shown in Plate 1. The :’;j
_f model reproduced a complete test gate and gate bay, two piers, and a 50.5-ft-

"& wide section of each of the adjacent gate bays with schematic gates. Approxi-
‘:i mately 250 ft (prototype) of the approach channel, the spillway and stilling

- basin, and 250 ft of the exit channel were also reproduced. Portions of the
;Q model reproducing the approach channel, spillway and dam, stilling basin, and

% the exit channel were constructed of cement mortar molded to sheet-metal

:§ templates. The gate piers and schematic gates were fabricated of sheet metal,

and the stilling basin end sill was modeled in wood. The test gate was ac-
; curately reproduced of sheet brass to scale in size, shape, and weight. The
y model gate weighed 82.9 1b (an equivalent of 300 kips, the weight of the proto-
;; type gate).
- 9. The 1:50-scale section model (Figure 5) was installed in a 2.5-ft-

s wide glass-sided flume. The model reproduced one full gate bay, two piers,

3

- and a 23-ft-wide section of each of the adjacent gate bays. The test gate

l.'
Wt

Ol

was fabricated from sheet metal, but the exact size and weight of each member

of the tainter gate were not reproduced. However, the lower girder and area

=

N around the girder were reproduced sufficiently to allow proper circulation of :
:3 flow in this area. The spillway, piers, and two schematic gates were also Z}ﬁ
3 fabricated of sheet metal and the stilling basin and basin elements were ;;ﬂ
;3 modeled in wood. Ei:
‘;3 10. The 1:15-scale model of the emergency bulkheads (Figure 6) was in- fﬁﬁ
:ﬁ stalled in the model used to study bouncing of the tainter gate (Figure 7). ;fj
z; The model was constructed of sheet brass and brass pipe to accurately repro- l}ﬁ
duce the bulkhead lifting frame and one bulkhead test gate to scale in size, :._.
B shape, and weight. Two schematic bulkhead gates were fabricated of sheet ;:E
- S
- 7
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metal (Figure 7). The model bulkhead gate weighed 22.8 1b (an equivalent of
77 kips, the weight of the prototype gate), and the lifting frame, including
two sheave blocks, weighed 8.6 1b, an equivalent of 29 kips prototype.

Model Appurtenances

11. Water used in the operation of the models was supplied by pumps,
and discharges were measured by venturi meters. Steel rails set to grade
along the sides of the model provided reference planes for measuring devices.
Water-surface elevations were measured by means of point gages. Tailwater
elevations were regulated by flap gates at the end of the model flumes.

12. Hoist loads and load variations were determined with the tainter
gate supported by the suspension system shown in Figure 4a. A load cell (Fig-
ure 3a) was used to measure the total load and load variation on the cable.
The trunnions were mounted in roller bearings, and no side seals were used
on the tainter gate in an effort to reduce friction forces to a minimum.
Hoist loads and load variations acting on the bulkhead and lifting frame were
measured with a load cell. The bulkhead and lifting frame were supported in
the gate slots on roller bearings and were raised and lowered by cables at-
tached at each end. These cables passed over pulleys, were joined, and at-
tached to the load cell (Figure 7a). Roller bearings were mounted at the end
sections of the first test bulkhead and lifting frame to reduce the friction

opposing vertical movement in the gate slots.

Scale Relations

13. The accepted equations of hydraulic similitude based on the
Froudian criteria were used to express the mathematical relations between the
dimensions and hydraulic quantities of the models and the prototype. The
general relations for the transference of model data to prototype equivalents

are listed in the following tabulation:
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Characteristic Dimension* Model :Prototype Model :Prototype

B e

Length 1:15 1:50

)
g

Area =1L 1:225 1:2500

Velocity = 1/2 1:3.873 1:7.071
Time 1:3.873 1:7.071

Weight

"

1:3375 1:125,000

y
e
-
_1lq
e
R
]
g
~e)

L
A
v
Discharge Q =12 1:871 1:17,678
T
W
F

f
L

Force 1:3375 1:125,000

il

* Dimensions are in terms of length.
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o
. PART TII: TESTS AND RESULTS

The Spillway Tainter Gate

.|

Original design

SP-PR P PSPEY

14. Details of the original design dam and stilling basin are shown in

"0,
B
_'_.J

Plate 2 and details and sections of the spillway tainter gate are shown in
;} Plates 3 and 4. Each gate is 55 ft long by 50 ft high. The face of the gate
;; is covered by a steel skin plate of varying thickness and shaped to a 50-ft
& 2-in. radius. The gate weighs approximately 300 kips. The bottom girder of
the gate, which is of importance in the following discussions, is located 5 ft
= (along the radius) above the gate seal.
1 15. The spillway tainter gates have been observed to bounce during
) _ periods of high tailwater and large gate openings. Initial tests were con-
h;i ducted to determine the maximum hoist load fluctuations at the various com-

N binations of tailwater and gate opening that caused the gate to bounce. The

pool elevation was held constant at 358.0, as this was the condition present

when the prototype gates were observed to bounce. Model observations of the
various flow conditions indicated that gate bouncing occurred between gate
openings of 16 and 21 ft at tailwater elevations shown in Table 1. Under
these conditions, a surge of flow from underneath the tainter gate was ob-
served to move back upstream into the test gate bay, striking the bottom
girder of the gate as shown in Photo 1 and causing the load in the hoisting
cable to change. The hoist load fluctuations were measured for these condi-
tions with a load cell and recorded on an oscillograph. Flow conditions down-
stream from the gate were unstable; and there were periods of time when the
hoist load fluctuations would be relatively small and then become very large
without any change of pool elevation, tailwater elevation, and/or gate opening.
This is shown in the oscillograph record shown in Plate 5 which was obtained
with identical conditions at different times. Thus each test run was con-
ducted for a long period of time to be sure that the maximum load fluctuation
was recorded.

16. Results of the initial model tests with the type 1 (original) de-
sign tainter gate are shown in Table 2. All tests were conducted with a pool
elevation of 358.0. The data generally indicate that the hoist load fluctua-

tions increased with increasing gate openings up to a gate opening of 20 ft

15
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.............




as shown in Plate 6. The load fluctuations shown on this plot are the maximum
that occurred with a particular gate opening and at different tailwater eleva-
tions as shown in Table 2. With gate openings larger than 20 ft, the gate be-
gan to lose control of flow and the load fluctuations were smaller. The max-
imum load fluctuation of 142 kips occurred with a 20-ft gate opening and a
tailwater elevation of 348.5, which corresponds to the conditions where the
most severe gate bouncing was observed (Table 1).

Alternate gate and gate bay designs

17. Several modifications (Plate 7) were made to the tainter gate and
gate bay in an effort to eliminate the gate bouncing and reduce the hoist
loads. Since the maximum load fluctuation occurred with a 20-ft gate opening,
most of the tests were conducted with this gate opening. However, some de-
signs were also tested with smaller gate openings to be sure that load fluctu-
ations were not greater with these gate openings. Maximum single hoist load
fluctuations measured for a 20-ft gate opening with type 1-16 design gates or
gate bays are shown in Table 3. Tables 4 and 5 include maximum single hoist
load fluctuations measured for some of the designs with gate openings of 18 ft
and 16 ft, respectively.

18. The type 2 design gate consisted of a solid backing plate placed
between the lower girder and gate lip as shown in Plate 7. Tests conducted
with the 20-ft gate opening revealed that the maximum hoist load fluctuations
were slightly higher than those measured with the original design (Table 3,
compare types 1 and 2). The maximum load fluctuation was 152 kips. This de-
sign was not effective in reducing the hoist loads.

19. The solid plate in the type 2 design gate was replaced with a grate
to form type 3 and 4 design gates as shown in Plate 7. These designs were
also ineffective in reducing the hoist loads (Table 3).

20. A curved backing plate, type 5 design gate shown in Plate 7, was
installed between the gate lip and lower girder. The hoist loads (Table 3,
compare types 1 and 5) were greater than those with the original design. The
maximum hoist load fluctuation was approximately 180 kips and occurred at a
tailwater elevation of 348.5.

21. A series of baffle vanes, type 6 design gate, were placed on the
gate as indicated in Plate 7. No improvement over the original design was
gained with this design as shown in Table 3.

22. Since the large hoist load fluctuations were apparently caused by

16
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an unstable flow condition in the gate bay downstream from the gate, tests

,‘l'l".'_ ’

were conducted with a beam(s) between the test gate piers at locations shown

{ in Plate 7. Those were designated type 7-9 design gate bays. The beams were ?‘]
o placed between the piers in an effort to stabilize the flow in the gate bay :}:
ﬁi which could possibly reduce the hoist loads. Tests with the type 7-9 design .;:
.gﬁ gate bays were conducted with the original design gate. Again, the load fluc- ui;
- tuations were similar to those of the original design, with the maximum values i;i
~f recorded between tailwaters of 348.0 and 349.5 (Table 3). A baffle, type 10 ul:
;' design gate bay shown in Plate 7, which cantilevered 7.5 ft out into the

? gate bay, was placed along the side of each pier. This design increased hoist :ﬁ?
f& load fluctuations from those measured with the original design. A maximum -~
- hoist load fluctuation of 180 kips was recorded at a tailwater elevation of

b 348.0 as shown in Table 3.

23. Tests were next conducted using modified versions of the type 5
design gate. The type 11 design gate consisted of forty-eight 1-ft-diam holes
(Plate 7) in the curved backing plate which simulated removal of approximately
10 percent of the cross-sectional area of the plate. The type 12 and 13 design
. gates (Plate 7) differ in that 20 and 30 percent, respectively, of the area of

the backing plate was removed. These modifications slightly reduced the hoist
b~ load fluctuations from the original design as shown in Table 3, but they were
still in excess of 130 kips. The holes in the curved backing plate possibly

damped the surges of flow but not sufficiently to eliminate the bouncing.

4
- l‘&". E

24. The type 14 and 16 design gates consisted of adding an extension

to the lower girder flange as shown in Plate 7. These modifications were more

L v
:é effective in reducing the load fluctuations than any of the other gate modifi-
t‘ cations as shown in Table 3. The type 16 design gate decreased the maximum
hoist load fluctuation measured at the 20-ft gate opening from 142 to 63 kips.
- The 7-ft extension below the bottom girder apparently did not allow the return Lo
.. surge of flow to strike the girder, thus preventing the large hoist loads. f ¥
: Even though a decrease in hoist load fluctuation was observed, this design was ;f;
not considered practical due to structural problems and other problems that ) |
3 would be encountered for other operating conditions. f!%
X 25. After the tests with the type 11-13 design gates indicated that the E
:i holes in the curved backing plate would reduce load fluctuations, 30 percent jfﬁ
g of the straight backing plate in the type 2 design gate was removed. This :.a
) modification was designated the type 15 design gate (Plate 7) and reduced load
3
-
R 17 |
>
% -




fluctuations to less than those measured with the solid backing plate (compare

types 2 and 15 in Table 3). Load fluctuations were also less than with the
original design but were still around 100 kips.

26. Although some of the modifications to the tainter gate and down-
stream gate bay reduced load fluctuations from those measured with the
original design, none of the designs could be considered a practical solution
to the problem.

Effect of stilling basin
design on hoist load fluctuations

27. Since the elevation and length of the stilling basin varied across
the spillway, tests were needed to determine if the stilling basin design had
any effect on hoist load fluctuations. Since modifications and tests were
costly with the 1:15-scale model, a 1:50-scale section model was constructed
for these tests. The gate weight and members were not simulated accurately
in this model, and the hoist load was not measured. Tests consisted of
measuring surge heights in the gate bay downstream from the tainter gate with
various flow conditions. These surge heights were then related to the con-
ditions in the 1:15-scale model where the maximum hoist load fluctuations
occurred.

28. 1Initial tests were conducted with the stilling basin at elevation
263.0 and a basin length of 61.5 ft. Tests were conducted with gate openings
between 14 and 20 ft and tailwaters ranging from 345.0 to 352.0. Results are
shown in Table 6. Surge heights were determined by subtracting the tailwater
elevation from the maximum water-surface elevation measured in the gate bay
downstream from the test gate. Surge heights were generally larger with the
20-ft gate opening and decreased for the 18-, 16-, and 14-ft gate openings.
Flow conditions for the 16- to 20-ft gate openings are shown in Photo 2. The
maximum surge heights measured with stilling basin el 263.0 were 7.4 ft and
7.0 ft and occurred at 18-ft and 20-ft gate openings, with tailwater eleva-
tions of 349.0 and 348.0, respectively. This is within the same range of
tailwaters where the maximum hoist load fluctuations were measured in the
1:15-scale model. The end sill was removed from the stilling basin to deter-

mine if the sill height had any effect on surge height. Results from these

tests are also shown in Table 6. The maximum surge height measured was 7.2 ft,

and occurred with a 20-ft gate opening and tailwater el 348.0. Overall, the

surge heights were just slightly higher with the end sill removed, indicating
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that the effect of the end sill on the surge heights was insignificant.

29. Tests were conducted next with the stilling basin at el 280.0 and
a basin length of 61.5 ft. The maximum surge heights, 6.2 and 6.1 ft, were
measured with gate openings of 20 ft and 18 ft at tailwater elevations of
349.0 and 348.0, respectively (Table 6). The magnitude of these surge heights
and the tailwater elevations where they occurred were similar to those mea-
sured with the stilling basin at el 263.0 which indicates that the basin ele-
vation had very little effect on the surge heights. Results of tests con-
ducted with the end sill removed and the basin apron at el 280.0 are shown in
Table 6. These tests revealed that the maximum surge height was 6.4 ft and
occurred with an 18-ft gate opening and tailwater elevation of 348.0. Results
are comparable to those obtained with the end sill present, again indicating
that the end sill has very little effect on the surges. The only significant
difference between the tests conducted with the end sill removed was that the
maximum surge (5.7 ft) measured with a 16-ft gate opening was approximately
twice as high as the maximum surge (2.8 ft) with an end sill.

30. Tests were then conducted with a stilling basin length of 125.5 ft
(the length of the basin behind gate bays 1 and 2), an apron elevation of
280.0, and end sill present. Results from this test are also shown in Table 6.
Surge heights were slightly less, except for the 16-ft gate opening, when com-
pared with the 61.5-ft basin as shown in Table 6 which again supports the re-
sults indicating that the end sill has very little effect on the surges. All
of the tests with the various stilling basin elevations and lengths indicated
that the stilling basin design had little effect on flow conditions and thus,
on hoist load fluctuationms.

Spillway gate pier extensions

31. Since the unstable flow conditions downstream from the gates ap-
peared to be caused by alternate surging of flow in and out of adjacent gate
bays, it appeared that extending the length of the gate piers would reduce
the surge height. Thus tests were conducted in the 1:50-scale model with the
downstream spillway piers extended various lengths and heights. These modifi-
cations are shown as the type 1-9 design spillway piers in Plate 8.

32. 1Initially, the piers were extended 61.5 ft, the full length of the
stilling basin, to form the type 2 design piers. This practically eliminated
the surging of flow underneath the tainter gate as shown in Table 7.

33. Tests were then conducted with the downstream piers shortened in
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increments to determine the minimum pier extension that would effectively
control the surging of flow. Results from these tests are shown in Table 7.
With a pier extension of 21.5 ft, type 4 design pier, flow conditions were
satisfactory; whereas with an 11.5-ft extension, type 7 design pier, flow con-
ditions were unsatisfactory. A pier extension of 16.5 ft, type 5 design pier,
was tested and strong surging action was observed. A 6-ft-radius pier nose,
type 6 design pier, was attached to the type 5 design pier and the surging
was even more severe. The curved shape at the downstream end of the pier ap-
parently allowed more flow from the upstream roller back in the gate bay. A
pier extension of 21.5 ft was the shortest pier addition tested with a top
elevation of 358.33 that significantly reduced the surging of flow.

34. The 21.5-ft pier extension was reduced to 20 ft. Tests to deter-
mine the lowest top elevation where satisfactory flow conditions existed were
then conducted. The minimum top elevation was found to be el 345.0 as shown
in Plate 8 as the type 9 design pier. A dry bed view of the type 9 design
pier extension is shown in Figure 8. Flow conditions with the type 9 pier
extension are shown in Photo 3. Flow conditions were improved over the
original design as seen by comparing Photos 2a and 2b with 3a and 3b. The
type 9 design piers were then placed in the larger 1:15-scale model (Figure 9)
to determine the hoist loads.

35. Maximum hoist load fluctuations measured for 12- to 20-ft gate
openings with the type 9 design piers are shown in Table 8. The maximum hoist
load fluctuation measured with the original design was 142 kips at a 20-ft
gate opening and tailwater elevation of 348.5. The maximum value measured
with the type 9 design piers was approximately 41 kips and occurred at gate
openings of 14 and 16 ft with tailwater elevations of 343.0 and 345.0, re-
spectively, as shown in Table 8. Hoist loads were reduced significantly from
those with the original design at the 18- and 20-ft gate openings and were
increased slightly with the 12-, 14-, and 16-ft gate openings. Flow condi-
tions present with the type 9 design piers were not severe enough to cause the
gate to bounce. Increased hoist loads that occurred with the 12- to 16-ft
gate openings were considered insignificant due to their relatively small
magnitude. Flow conditions for 12- to 20-ft gate openings with the type 9 de-
sign piers and the original design for comparison purposes are shown in
Photos 4-8, respectively. The type 9 design piers were found to be the most

effc :tive means for preventing bouncing of the tainter gate.
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Emergency Bulkhead

36. Tests were conducted to determine the hydraulic forces on the lift-
ing frame and emergency bulkheads under flowing conditions in the 1:15-scale
model. Details of the lifting frame are shown in Plate 9 and details of the
bulkhead are shown in Plates 10 and 11. The first series of tests were con-
ducted with the original design to simulate placement of the first bulkhead
unit on the crest for pool elevations of 359.0, 354.0, and 346.0, both with
and without tailwater effects. The hydraulic forces were determined by mea-
suring the hoist loads on the suspension cable using a load cell (Figure 7).
The loads were recorded on an oscillograph (Plate 12) and were quantitatively
transferred to prototype values.

37. Maximum vertical hydraulic forces measured with the lifting frame
and bulkhead unit set at stationary and 1-ft increments above the spillway
crest are shown in Plates 13-15. The dry weight of the bulkhead unit and
lifting frame was zeroed out before each test, and therefore the forces mea-
sured were only those caused by hydraulic loading. Flow conditions were un-
stable with gate openings between 5 and 10 ft, a pool elevation of 359.0, and
a tailwater elevation of 348.0. This flow condition is shown in Photo 9.

This is noted as the zone of instability in Plate 13. In this zone, the sup-
porting cables fluctuated noticeably, indicating vertical movement of the
bulkhead unit and lifting frame in the bulkhead slot. This flow condition
occurred intermittently and at times appeared calm. With no tailwater effect,
el 323.0, flow conditions were satisfactory and no flow instabilities were
encountered (Plate 13). No attempt was made to simulate relative cable
elasticity in the model.

38. This vertical gate bouncing phenomenon was observed in model tests
of the vertical-1ift gates for the 0ld River Control Structure.* In that
study, violent flow conditions were observed under certain headwater and tail-
water elevations. The nappe just downstream from the gate oscillated up and
down rapidly creating an audible slapping sound. Vortices were observed form-

ing alternately at the upper and lower lips of the gate leaf in resonance with

* C. J. Powell and C. W. Brasfeild. 1956 (Dec). "Old River Low-Sill Control
Structure; Downpull Forces on Vertical-Lift Gates; Hydraulic Model Investi-
gation," Technical Report 2-557, Report 1, U. S. Army Engineer Waterways
Experiment Station, CE, Vicksburg, Miss.
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the flapping action of the nappe. The bulkhead gate in the Barkley model f':
tests apparently experienced the phenomenon of alternate vortex formation e
—
under the conditions that caused the gate to move in the bulkhead slot. The o,

vertical-lift gates tested in the 01d River model study did not use a lifting

frame as the Barkley bulkhead uses. This lifting frame design should be bene-
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ficial in breaking up the vortex formations at the top of the gate, thus re-
ducing the severity of the movement.
39. A zone of instability is noted in Plate 14 between the 5- and 7-ft

gate openings with a pool elevation of 354.0 and a tailwater elevation of

N
PR SCRY i

345.0. This was not considered to be a severe flow condition due to the small ]

magnitude of the force fluctuations and no cable movement was evident. Flow
conditions were satisfactory for tests conducted with pool elevations of 354.0
and 346.0, with and without tailwater effects, as shown in Plates 14 and 15.

40. Tests were also conducted to measure vertical hydraulic forces as
the lifting frame and bulkhead unit were lowered through flowing water from a
raised position to the spillway crest. The hoisting speed of the prototype
hoist unit, rated at 4 to 6 ft/min, was simulated for these tests. A base
test was conducted without water in the model to determine the '"noise'" leve!
in the cable during the lowering operation (Plate 16). Results of the busk-
head lowering tests for pool elevations of 359.0, 354.0, and 346.0, with and
without tailwater effects, are shown in Plates 17-19. The maximum vertical
downpull hydraulic force occurred when flow overtopped the lifting frame and
the maximum vertical uplift hydraulic force generally occurred just before the
bulkhead reached the spillway crest. Photos 10-12 show the conditions that
occur as the bulkhead is lowered. The maximum hydraulic forces (downpull or
uplift) measured during the bulkhead lowering tests were not of sufficient
magnitude to cause unstable flow conditions. Flow instabilities encountered
in the stationary tests discussed previously were not present. Apparently,
lowering the lifting frame and bulkhead unit through flowing water at a rate
of 4 to 6 ft/min did not allow enough time for creation of unstable flow
conditions.

41. Bulkhead lowering tests were conducted with the 20-ft-long pier
extensions from the model tests for tainter gate bouncing placed in the model.
Results from these tests are shown in Plates 20 and 21. No significant dif-
ferences in hydraulic forces and flow conditions were noticed in the tests

with the pier extensions.
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42. Tests were conducted to determine hydraulic forces on the emergency
bulkheads under flow conditions with one and two bulkhead sections already ]
seated on the crest. A schematic bulkhead is shown in Figure 7. These tests .7.1
were also conducted with the original design bulkheads for pool elevations of
359.0, 354.0, and 346.0 with and without tailwater effects. Maximum vertical
hydraulic forces measured with the lifting frame and bulkhead unit set at
stationary and 1-ft increments above one seated bulkhead unit are shown in
Plates 22-24. Maximum hydraulic forces were measured with a pool elevation of
359.0 and the bottom of the test bulkhead between 1 and 10 ft above the top of
the bulkhead seated on _he crest. These conditions did not cause flow insta-
il bilities. The forces measured with pool elevations of 354.0 and 346.0 were

not considered excessive and did not cause flow instabilities.

o 43. Vertical hydraulic forces were measured as the lifting frame and

» bulkhead unit were lowered through flowing water from a raised position to

the top of one seated bulkhead simulating the prototype hoisting speed, 4 to

6 ft/min. Results from these tests are shown in Plates 25-27. The maximum
vertical hydraulic downpull force with a pool elevation of 359.0 occurred just
as flow overtopped the lifting frame, as was the case for the tests previously
discussed. With pool elevations of 354.0 and 346.0G, the flow did not overtop
the lifting frame; and the maximum downpull forces were measured shortly after
flow overtopped the bulkhead unit (Plates 26 and 27). The maximum uplift
forces occurred just before the test bulkhead reached the bulkhead seated on
the crest. The forces measured (downpull or uplift) were not of sufficient
magnitude to cause flow instabilities.

44. Maximum vertical hydraulic forces measured with the lifting frame
and bulkhead unit set at stationary l-ft increments above two seated bulkhead
units are shown in Plate 28. The elevation at the top of the top bulkhead was
349.0 so tests with a pool elevation of 346.0 could not be conducted. Flow
conditions with pool elevations of 359.0 and 354.0 were satisfactory and
hydraulic forces were insignificant. Hydraulic forces were also measured us
the lifting frame and bulkhead unit were lowered through flowing water from a
raised position with two bulkhead units seated on the crest. These results
are shown in Plate 29. Hydraulic forces were not of sufficient magnitude to
cause a downpull reading. fhe forces measured during these tests were all

uplift and were insignificant and similar to the base test (Plate 16) con- ”_'

ducted with no water in the model.




PART IV: DISCUSSION OF RESULTS

45. The tainter gate bouncing observed under certain flow conditions
at the Barkley Dam project is caused by flow oscillation action which has
been noted in previous modei studies.* This oscillation action occurs when
water-surface differential between pool and tailwater is relatively small and
flow is controlled primarily by tailwater. The presence of the tainter gate
induces an unstable condition resulting in a periodic oscillation of the water
surface in both approach and exit areas. Under the flow conditions experi-
enced at the Barkley project, this oscillation is quite severe and results in
a shift of flow control from a submerged controlled flow condition where the
gates are partially open and the upper pool is controlled by both the sub-
mergence effect of the tailwater and the gate opening, to a free controlled
flow condition where the gates are partially open and the particular gate
opening controls the upper pool. The submerged controlled flow condition is
predominant, but once the free controlled flow condition occurs, the oscilla-
tion begins and the associated surges of flow which move back into the gate
bay and strike the bottom girder are strong enough to lift the tainter gate
causing the bouncing phenomenon. This causes a large fluctuation of the load
in the hoisting cables and mechanism.

46. The elevation and length of the stilling basin vary across the
spillway. Tests conducted with different basin apron lengths and elevations,
both with and without an end sill, indicated that the stilling basin design
had little effect on flow conditions and thus, on hoist load fluctuations.

47. Several different modifications to the lower portion of the tainter
gate were tested in an effort to eliminate or reduce the load fluctuations.
Some of the modifications were successful in reducing the fluctuations. How-
ever, none of the modifications that were successful in reducing the load
fluctuations to such a low level as to prevent bouncing of the gate were con-
sidered practical for prototype use because of problems that would be encoun-
tered during operation.

48. Since the large hoist load fluctuations were caused by unstable

% J. L. Grace, Jr. 1964 (Sep). "Spillway for Typical Low-Head Navigation
Dam, Arkansas River, Arkansas; Hydraulic Model Investigation,” Technical
Report 2-655, U. S. Army Engineer Waterways Experiment Station, CE, Vicks-
burg, Miss.
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flow conditions in the gate bay downstream from the gate, efforts to stabilize
o flow were made by placing beams of various sizes and configurations between
the gate piers. These modifications had very little effect on the hoist load
fluctuations. Also, this type of modification would be objectionable because
;i it would catch trash and debris.
ﬂi 49. Extending the gate piers downstream reduced the severity of the
. flow oscillation to an extent where the gate no longer bounced. The maximum
hoist load fluctuation was reduced from 142 kips with the original design to
41 kips by extending the piers 20 ft downstream. The pier extension stabilized

flow between adjacent gate bays and reduced the height of the surge of flow
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Leeriitat
AL A

at the tainter gate. Some oscillation of flow between bays was still present,
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but the magnitude was not strong enough to cause the gate to bounce.
jl 50. Extension of the gate piers would be very costly in the prototype,
: and the expense probably is not justified for Barkley Dam. The condition

where the gate bouncing occurs is caused by high tailwater elevations (above

. "‘ 3

346.0) which occur infrequently. When the high tailwater elevations do occur,
gate bouncing can be prevented by operating the gates in such a way that when
the gate openings reach about 16 ft, some of the gates are pulled out of the
water and other gates are lowered to control the upper pool elevation.

51. Tests on the emergency bulkheads provided data on the hydraulic

forces and also demonstrated the feasibility of the proposed method of
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closure. Bulkhead tests revealed that loads on the hoist due to hydraulic
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.

forces would be small and flow conditions relatively stable under the proposed
method of operation. Results indicated that the lifting frame and single
bulkhead were manageable for a head on the gate sill of 21 ft, with and with-
{? out tailwater effects. This was observed when the unit was lowered to the
crest and also when the unit was lowered with one bulkhead unit already seated

- on the crest.

52. Small but unstable forces were encountered with the lifting frame
and bulkhead unit held stationary between 5 and 7 ft above the gate sill, a
head on the gate sill of 29 ft, and a tailwater elevation of 345.0. These
forces were not considered excessive and were not encountered when the lifting
frame and bulkhead unit were lowered at the prototype hoisting speed.
o, 53. Large unstable loads were encountered with the lifting frame and
bulkhead unit held at stationary positions between 5 and 10 ft above the gate
- sill, a head of 34 ft on the gate sill, and a tailwater elevation of 348.0.

26
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The loads were not encountered when the unit was lowered at the prototype
hoisting speed. The conditions which caused the large unstable loads, pool

el 359.0 and tailwater el 348.0, occur when large discharges must be passed
through the structure requiring large tainter gate openings. If tainter gate
failure occurred, the remaining gates could be manipulated so as to avoid
having to lower the emergency bulkheads until lower tailwater elevations are
present. However, if the bulkhead unit and lifting frame are lowered at their

rated speeds no problem should be encountered even with those conditions.
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i' Table 1 ;
. Flow Conditions Causing Gate Bouncing 2
Pool Elevation 358.0 - -
{ .
Gate Tailwater T
Opening Elevation Description ]
: ft ft NGVD of Bouncing g
16 346 Slight
FE 18 346 Moderate
N 18 347 Moderate
B 18 348 Moderate
; 19 346 Moderate
. 19 347 Moderate
. 19 348 Moderate
19 349 Moderate
20 348 Strong
: 20 349 Strong
3 20 350 Moderate
:; 21 349 Strong
3 21 350 Strong
. 21 351 Moderate
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Table 2 e
Maximum Hoist Load Fluctuations 3
Type 1 (Original) Design Gate, Pool E1 358.0 e
. ..)!
Tailwater :j
Elevation Maximum Hoist Load Fluctuations, kips, for Gate Opening, ft R
ft NGVD 8 10 12 14 16 18 19 20 21 R
336.0 6.8 o
336.5 15.2 ~®
337.0 18.9 7.4 }
337.5 19.9 13.2 S
338.0 23.6  23.6 S
338.5 28.4  23.0 R
339.0 31.1  32.1 ]
339.5 28.4  33.4  11.1 o
340.0 30.0 32.7 25.0
340.5 21.3 34.4 27.3 5.7
341.0 22.3 32.1 30.7 3.4
341.5 16.9 28.0 31.7 10.8
342.0 29.7 30.7 22.6
342.5 13.5 30.7 23.6 13.5
343.0 14.2 25.0 29.0 22.6
343.5 25.0 -- 27.0
344.0 18.9 29.0 32.1
344.5 20.3 26.3 35.4 15.8
345.0 24.6 39.5 32.1 .
345.5 16.2 36.5 37.8 30.4 ,
346.0 20.3 29.7 42.9 35.1 DR
346.5 28.7 54.3 50.6
347.0 23.6 45.9 47.3 32.1 =
347.5 24.3 38.1 72.6 89.1 16.9 o
348.0 30.4 51.6 130.3 27.3 f{;{
348.5 26.0 48.9 141.8  52.0 .
349.0 23.3 31.7  79.0 106.0 e
349.5 22.6 49.6 89.4 105.0 .4
350.0 39.8 90.4 111.7 ;?:
350.5 54.3  34.8  78.0 "
351.0 52.7 43.5 80.3 ]
351.5 58.7  43.2  66.8 -9
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Table 4
Maximum Hoist Load Fluctuations

Gate Opening 18 ft, Pool Elevation 358.0

Tailwater

Elevation Maximum Load Fluctuation, kips, for Type Design Gate
ft NGVD 1 2 3 4 11 12 13 14 15
342.5 -- 11.8 7.1 7.1 16.9 18.6 16.2 6.1 13.2
343.0 -- 22.3 7.1 7.8 27.0 25.0 22.9 6.4 13.5
343.5 -- 24.3 7.4 7.8 43.5 25.0 21.9 6.1 14.5
344.0 -- 38.5 11.5 8.8 43.5 41.8 26.3 10.1 18.2
344.5 15.8 60.0 17.2 11.5 51.0 32.4 25.6 20.6 34.4
345.0 32.1 50.6 25.3 24.0 57.7 35.8 24.3 22.6 31.4
345.5 37.8 54.7 38.8 33.8 52.0 51.6 25.3 33.1 39.1
346.0 42.9 62.4 47.3 38.8 52.0 33.7 37.1 66.5 41.2
346.5 54.3 58.4 45.9 42.5 50.6 37.1 41.2 48.9 46.9
347.0 45.9 56.0 48.9 56.4 36.8 -- 29.4 43.2 28.3
347.5 38.1 -- 49.6 33.1 38.5 -- -- 37.1 --
348.0 30.4 -- 34.4 25.0 25.6 -- -- 37.1 --
348.5 26.0 -- 25.0 30.0 -- -- -- -- --
349.0 23.3 -~ 33.8 24.6 -- -- -- -- --
349.5 22.6 -- 30.7 -- -- -- -- -- --
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Table 5 o
Maximum Hoist Load Fluctuations i?»f
Gate Opening 16 ft, Pool Elevation 358.0 ‘—,‘i
Tailwater :;;3
Elevation Maximum Load Fluctuation, kips, for Type Design Gate R
£t_NGVD 1 3 4 11 12 13 14 15 P
341.0 -- - - 2.0 2.6 16.2 5.4  21.3 “'OJ
341.5 -- 1 8.8 37.5 28.0 16.9 5.4 18.2 -
342.0 -- 9.8 8.4  45.0  33.7 24,3 7.4 18.2 ﬁa
342.5 13.5 12.8 13.5 49.0 39.1 24.6 15.5 22.5 S
343.0 22.6 20.3 12.5 55.3 38.1 19.2 19.9 31.4 Tjii
343.5 27.0 26.0 23.6 50.0 27.0 35.4 31.7 34.1 T
344.0 32.1 32.7 38.1  55.0 38.8  43.9  37.5 48.6 .
344.5 35.4 41.2 42.2 56.0 39.5 40.8 40.5 45.6
345.0 39.5 37.8 39.8 51.0 50.6 40.8 41.2 40.2
345.5 36.5 39.5 34.1 36.0 - 44.5 35.3 32.1
346.0 29.7 29.0 35.4 35.0 -- -~ 33.1 --
346.5 28.7 32.7 26.7 26.0 -- -- 38.5 --
347.0 23.6 33.8 19.2 20.0 -- -- 19.9 --
347.5 24.3 28.0 23.3 21.0 -- -- -- --
348.0 -- -- -- -- -- -~ -- --
348.5 -- 17.2 25.0 -- -- -~ -- --
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* Table 6

. Maximum Surge Heights

"‘ Type 1 Design Gate, Pool Elevation 358.0
»,* End Sill Present End Sill Removed
:é: Tailwater Maximum Surge Height, ft Maximum Surge Height, ft
w Elevation for Gate Opening, ft for Gate Opening, ft
; ft _NGVD 14 16 18 20 14 16 18 20
2 Stilling Basin El 263.0, Stilling Basin Length 61.5 ft
2 345.0 -1.2 2.0 2.9 2.9 1.3 0.7 3.7 2.
' 347.0 -0.8 3.7 6.7 5.5 2.0 4.8 6.4 6.
348.0 -0.7 3.6 6.5 7.0 2.1 4.1 7.0 7.2%
349.0 -0.5 1.8 7.4% 6.7 1.9 3.2 4.5 6.5
352.0 0.5 2.2 3.4 4.4 0.7 1.0 1.9 2.2
Stilling Basin E1 280.0, Stilling Basin Length 61.5 ft
345.0 0.5 1.2 0.2 -0.3 -0.3 -0.3 0 0.0
347.0 -0.7 2.8 5.4 2.6 -1.0 5.7 0 2.5
348.0 -0.9 0.5 6.1 5.1 0.2 3.1 6.4% 4.9
349.0 -0.1 1.6 4.5 6.2% .8 2.4 5 6.0
352.0 0.9 1.8 3.7 2.8 -0.2 1.4 2 1.8
Stilling Basin E1 280.0, Stilling Basin Length 125.5 ft
345.0 -0.4 0.5 0. 0.3
347.0 -0.9 4.4 5. 2.8
348.0 0.3 1.6 5.9% 5.1
349.0 -0.1 2.1 4.2 5.6
352.0 0.7 1.5 2. 2.9

* Maximum surge height measured for particular test condition.
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::: Table 8 i

:::: Maximum Hoist Load Fluctuations

"' Type 1 Design Gate, and Type 9 Design Spillway Pier

- Pool Elevation 358.0

' Tailwater

- Elevation Maximunm Load Fluctuation, kips, for Gate Opening, ft

£t NGVD 12 14 16 18 20

. 341.0 18.9 3.4

341.5 33.8 --

X 342.0 36.5 15.2

o 342.5 33.8 22.6

R 343.0 36.1 40.5 6.8 4.4

N 343.5 34.4 32.7 13.5 5.1

o 344.0 20.3 41.5 25.3 4.4

; 344.5 -- 30.7 32.1 6.8

& 345.0 18.6 26.0 40.5 10.1 et

345.5 -- 40.5 22.6 s

= 346.0 15.8 33.8 32.7 o

i 346.5 28.7 32.4 4.9 ]

A 347.0 27.0 28.4 12.2 3"’

R 347.5 18.0 30.0 23.5 ;

J 348.0 18.6 23.6 26.1 ‘

< 348.5 12.8 20.3 29.6 1

7 349.0 17.2 30.4 "’

% 349.5 -- 30.4 ~

350.0 11.1 18.6 R

= 351.0 18.2 RS
352.0 10.5 "‘
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n
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a. Surge of flow underneath tainter gate
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b. Flow striking bottom girder of tainter gate

tailwater el 349.0, gate opening 20 ft

Photo 1. Original design tainter gate; pool el 358.0,
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PUIRCINY SULIION

el

a. POOL EL 358.0
TAILWATER EL 348.0 !
GATE OPENING 20 FT -

o
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Photo 2. Flow conditions in 1:50-scale section model (Sheet 1 of 2) !
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c. POOL EL 358.0
TAILWATER EL 346.0
GATE OPENING 18 FT
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B
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s 'l:'l 4,

4 POOLEL 3580
TAILWATER EL 3475
GATE QPENING 16 F

Photo 2. (Sheet 2 of 2)
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a. Side view

b. Looking upstream

Photo 3. Flow conditions in 1:50-scale section model with
type 9 design piers; pool el 358.0, tailwater el 348.0,
gate opening 20 ft
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Photo 4.
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a. Original design

b. Type 9 design piers

Flow conditions; pool el 358.0, tailwater el 343.0,

gate opening 12 ft

P T TP

Aa

indnl

L

D ahadmt

:.%

abnhed bk




Photo 5.

b. Type 9 design piers

Flow conditions; pool el 358.0, tailwater el 344.0,
gate opening 14 ft
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b. Type 9 design piers

Photo 6. Flow conditions; pool el 358.0, tailwater el 346.0,
gate opening 16 ft
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a. Original design
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b. Type 9 design piers .
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Photo 7. Flow conditions; pool el 358.0, tailwater el 346.5, o
gate opening 18 ft Lo
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o a. Original design
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b. Type 9 design piers :!:
1

gate opening 20 ft ]
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" Photo 8. Flow conditions; pool el 358.0, tailwater el 349.0,
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‘ Photo 9. Unstable flow condition; pool el 359.0, tailwater el 348.0,
' bottom of bulkhead 5 ft above crest




a. Looking upstream

b. Looking downstream

Photo 10. Bulkhead contacts nappe; pool el 354.0, tailwater el 345.0
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a. Looking upstream
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b. Looking downstream

Nappe overtops bulkhead; pool el 354.0, tailwater el 345.u
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MODEL HOIST LOAD, LB
S
!

MAXIMUM

0T FLUCTUATION

POOL EL 358.0
TAILWATER EL 348.0
TEST GATE OPENING 20 FT

A

GATE STABLE

GATE BOUNCING

OSCILLOGRAPH RECORDING
SPILLWAY TAINTER GATE

PLATE 5
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HOIST LOAD FLUCTATIONS
TYPE 1 (ORIGINAL) DESIGN TAINTER GATE
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PLATE 6

~ . " -, . - - et s
% AT AR Ttk S N T e N




¥ ,
% A
L .4
3 .
r. ~
P, w
9L -1 S3dAL <
- 9L GNV ¥i S3dAL 0L 3dAL 6 3dAL ]
L AV8 31VvO ANV 31vD = " o

» - 7]
5 HIINIVL Ol SNOILVOIJIAOW IR | [g %8
; 1\ 3lls gl e

f 01 9ic 13 AvE wu.muk mﬁ% 2| |
SYIATUINYD T
", o VLR

. v3WY 31v1d N3JO JO NOILD3S PV J— ZE09E T\

, Q3ONVIVE LINY3d OL 31¥D LNOAY 30 00°4E .m?nsnl 00°2y€ 13

- IWOIMLINWAS ONV SHILNIO WINOZ) ¥ 13 05 15€ 13
| -HOH NO .y¥ 4 S310H Avid 560 L 1TV, 65T 73 e585E 73

’ 31vo

; 105 1o w3 snoay e e
r_. IVINOZIHOH .¥85 | NO S31OH ¥,
r.” 8 3dAl ¢ 3dAL (sgiy 31vO 1V (34v7d 14-S1°6 NI
- Q3HOVLLY S3NVA €2) 9-3dAL SV3HY 3TOH HLIM) €i-LL S3dAL
(31v1d 13-61°'6 SITOH LNOHLIM) S 3dAL

. ez 13

0 «

1 m M m [ wi

& P @ [ o2 9

. [EiEE 73 YLXTRE] T "

INON INON

Q3A0OW3Y | $370M
vauy 3ivid [ ON

i Zgeee 73 VCETORE]

' 00Zv€ 13 G0t 13— 40 IN3DU3d | Vi0L
p, 0sise 13 05'ise 13
B €€9sE 13 D TRE]
.._. 00ELE 13 00'€L€ 13
—d.
_.. ¥ 't 3dAL (31v1d 14-§9'Z NI SV3HV 3T0H HLIM) SL-3dAL
__\ (31vd 14-§9'2Z NI S310H LNOHLIM) 2-3dAL (TYNIDIHO) 1 3dAL
.« w0|~ »2E 13 X 21'r2e 13 eip2€ 13

eso{voo voofeso]| ¥ -§6102'L
1zowo]ro0]:z0 a3AOW3Y

T~ 31V1d NINS %0¢

al»o SITOH 261 HLIM .\

14 'SNOISNINIO %
EIS 1) .

a




T TN T —Ta -

N el el
T TN

R

R A e

.-
R

-

el

NOILJ3S ANV ‘STIv.L3a ‘NVId
AV3IHXTING ADN3IDYINI

S13INVd D LV ‘dAL

V-¥ NOILY. q 1103
8-9 NOILO3S vV NOILVA3I3 <ZO +0 S

-—— — e S

961MBL O 01 O ..0.09

—_— T - T T St esivas T T
2-0 NOILD3S uxnul_ a
! ~ o
= - ryve Iﬁui
& &
| —. b S -t
| i T
~ N
@ N \ P/t ¥ 15 Hve /
[ i 1
\ 1 B S
~ o ™ oo
@ © N R Y \ 4 NIXS &€ Pt
] - Zi 15 pve a
3 b A [\ R
4 g - ']
d 3 " 1 1
TR " * —
N h S h » N @E ¥ 9 uve \
? N ﬂﬁuamxts..l il
:‘ﬁ! < R
& o) 08t IM 2 10D ;
ok
el Nouar w25 srineiens
4 NI¥S E 3 rm $XOOM 3 01 3 .-9% T T e T T
NVId-4TVH

OF 4M €L 1S

SUITTON NOILIVIN I 0L D ..0-85

TR eergiermictn

g LZVU o
068 ~ 014 @ S1INVY 9

o9t ym L2 1n)

96 IM Bt 24

PLATE 10




)
—_—l
4
-
.
i
sl
-9

oo

ey

3 NOILD3S
i ANV ‘NOILVA3I3 ‘NY1d

W.._ AvaHXINg AONIOHYINI NOILVAZ13 WVIH1SNMOQ

PLATE N

. . SdFTI08 NOILIVIY I O1 3 .G85
N 194 6
. [ 29 = 049 @ STINVI § ot .01~
. ' - YOOH aNV
3 LoV WIS ™~V WOVYHIVIO dn-XD1d 3 Y3 TI0U NOILIVIY B
,
. = —. .
. o R 4 — . & Ty
ST . e - ——— e - npT s —— - - —- : A
. v =t o
. m e
. N L4 2 .
; ¢l | . . 5 “
i . x § ¥
- ~T - « A
T I N 4 3
. SYIININ N ; e
. g3m SSNHL N ! . . H i %9 o
X & — ' 4 -~ © @
R N , Iy
* ’ h \ -
& AL y 3 )
w.‘ ” < I H ' .04 . 3 L
ﬁ., ? _ | ] _ ol
. z . - . .
r. ™ . it N M
. = |'H.I|l.41hu.r.'..r-4mnll. 5 - Selgad— - — - — ) O Y .
N - m X
.- & 2
) 8 $ 8 :
P, Q
ﬁ. 08 IM £L 1S L m
. NOOH 1417
. 14 NIXS BT 3 v 0 JM 21 IS oL ~
8
~
_ e 3
4 NVd

2 - ¥I770¥ }
- ot | woiLavav 3 -
. NOILIIS QVIHNING 40 s N
s OGNV YOOH ONILAIT "y
b 2 Al R
by, £4 - '
ﬁ.-. b 1 2 1 Y
o y o W 2
-.. x v J
b 2 v
\ ® i .
*, r U8 - 5-Z @ STV 2 { 2
s .
l\
\
P,
r
L
Y
b
;
14 ‘.
pt A
4 -

»
.

. e e . .
AP 4 SO




UPLIFT

VERTICAL HYDRAULIC FORCE, KIPS
DOWNPULL

67.50

33.75

33.75

CHART SPEED 6 IN/MIN
=
™ 5.4 KIPS DOWNPULL
STABLE
TEST NO. 57
POOL EL 346.0
TWEL 323.0

9-FT GATE OPENING

5-FT GATE OPENING

101.25 FCHART SPEED 2 IN/MIN CHART SPEED = 6 IN./MIN
94.5 KIPS
— UPLIFT
3
wi o
oo
E° 3375}
(T8
Q
-l
2 o
[: 4
o]
>
I
<< 3375 |~
33 \
¥+ UNSTABLE
>Q 6750 |-
97.9 KIPS
101.25 DOWNPULL
TEST NO. 148
POOL EL 359.0
TW EL 348.0

HYDRAULIC FORCES

LIFTING FRAME AND ONE BULKHEAD UNIT
OSCILLOGRAPH RECORDINGS

PLATE 12




1INN

0'65¢ 13 100d

avIEINg INC ANV INVHd DNILINT

S304HO04 J!NNVYHAAH

0'€2€ 13 YALYMUVYL
1S34D JA0BY 14 ‘NOILISOd QVIHNING

0 S ol b{3 oz
¥ T T T st
- 08
s
~a
» ST
-1 08
~ 8¢

14174n

TININMOG

SdI ‘JOHOS JIINVHAAH TVIILYIA

NOILISOd

O3LVOION] 1V 13S SYM LINN Qv3H
-37N8 SV 0INIVLR0 SINTIVA 40

WONIXYN 34Y S30804 0311074  "ILON
0'8YE 13 ¥IALVMIIVL
1S3HD IA0GY 13 ‘NOWLISOd OVIHNING
0 1] ot -1} oz
r T Y T 004
_ SL
$
d 05 ¢
)
-
<
3
-4 ST )
£
x
<
]
- 0 W
[
)
n
(=3
D
o
-4 52 m
1 =
ALIUGVLSNG a
40 INCZ —=
dm?
2
e
[
- §¢

PLATE 13

DR

h g
v

SCA AP
1, m0 00 g

o

Nale o
€ e

DA |
* Y,
LRASAIANCIA]




0'¥S€ 13 100d
L1INN Qv3aHXTING INO ONV 3WVHS ONILIIT

S30HO4 JIMNVHAAH

0'EZE 13 HALYMIIVL
1S34) 3A08Y 14 ‘NOILISOd QVIHNTING

0 S [+]} S 14

¥ T ) 1

SL

134174N
Sdi) ‘30404 JITNVHAAH TVIILH3A

TINdNMOQ

NOILISOd 031
-VIIONI LV 13S SYM LINN aVvaH
=27N8 SV G3INIVLE0 SINTVA 40

WNWIXVIN 34V S30H0J Q3LL0Vd 310N
0°9¥€ 13 HILVYMIIVL
15342 3A08V 14 ‘NOILISOd GVIHIING
[} S )]} St oz
4 T T T 0s
S
e
"
-
ALITIGVLSNI
40 INOZ
, 0
sz
8 W
v
c
[
-
SL

SdiN ‘30404 JIMNVYAAH TVOILHIA

PLATE 14




A A - I pti et gt oy i S A Nt S YAl S R DA ‘- cl ‘7.—‘ AR N RS " A e i Bl gL A S S
"\: ]
@
[ 50 T l l Ke
o R
- _‘. w g
< ¥
N S 7
> g 3 o
25 = | 7 "9
B 23
N 50 KRS
. <
o o -
e o
- > o
% - T ]
{ 2 °r N 0]
X >a N
-t = o
- TW EL 335.0 | |
.1‘ l —
- 25 %
» 20 15 10 5 0 M
- BULKHEAD POSITION, FT ABOVE CREST i
k i
75 ' Al ! 2@,
- 4 a
o ¥ o
s w
. (8] =
- S 50} - .
[T _-.:
=) o -
“u - .
-:'- = 2 e
2z ]
o £8 :
o I
- - 25 - - 4
P4 "
R o -
'...‘ '_ *‘
e [ o
0 w N
>
S TW EL 323.0 5oy
.-_;} 0 1 1 SR
rg 20 15 10 5 0 9
BULKHEAD POSITION, FT ABOVE CREST N
= NOTE : PLOTTED FORCES ARE MAXIMUM OF VALUES .
OBTAINED AS glgrll.gnEAo UNIT WAS SET AT o
INDICATED
L HYDRAULIC FORCES B
LIFTING FRAME AND ONE BULKHEAD UNIT
i POOL EL 346.0

M U P R L

PLATE 15

N T T T T




A LINO @V3IHYTINE INO ANV 3WVHS ONILINM
'
. 1531 3ISION
Wu.
- NIW “3WIL
g 9 g v £ z L 0
T T T T T szio ‘
wdy 6y A33dS ONILSIOH .
300N NI H31VM ON ‘
i - os9 g
[
i
T m
- 3
o}
= - SI'EE =
>
X
A [l
B . " e e b o/ 4 .
= -0 W
[
(]
n
o ’
) 2
L =] SL'EE o m
g = ;
zZ 3
—m .
B qoae F
A L 1 1 L oz 101 N
0 ol oz o€ © g
15342 IA08V L4 ‘NOILISOd AVIHIING w
T .
<
]
P v




R
ool e
PR P S

BULKHEAD POSITION, FT ABOVE CREST
30 20 10 0
101.26
w I v 1
RlE €3 NAPPE OVERTOPS
<2 Wwk|¥ LIFTING FRAME
L, 51T S5|X ~
¥ 3 S| 23
W & g <0|a
QO
5§ 3375 | & -
- T
© $
§ 3 -
P 0 8.
[=]
>
X
-
33.76 I~ -
Sr
B
«
W
>~ 67.50 [~ TEST NO. 162 .
TW EL 3480
HOISTING SPEED 4.8 fpm
101.25 A | 1 1 1 Il
0 1 2 3 4 5 7
TIME, MIN
BULKHEAD POSITION, FT ABOVE CREST
20 2 10 0
101.25 Q& &. & 2 T T
5% SIE NAPPE OVERTOPS
T3S <|T LIFTING FRAME
€4 o150 X5 w|¥ -
p 4
)
u g 28 2 &
§§ 33.76 % -
o <
3
- 0 -
[ 4
o
>
X
- 33.78 -
Sk
&g
wo
>~ 6750 |- TEST NO. 163 -
TW EL 323.0
HOISTING SPEED 5.2 fom
101.25 1 1 i 1 1 [
1] 1 2 3 4 5 6 7
TIME, MIN
HYDRAULIC FORCES
LIFTING FRAME AND ONE BULKHEAD UNIT
LOWERING TEST
POOL EL 3590
PLATE 17

o
L Vi W )

4 SRR,

|

'y

. [ . s .
o . T T T
[ A R P ~ PTGy Bre

-




SICIMEALINR R SR A e . i ‘*_r
P~ ot
'..{
[ BULKHEAD POSITION, FT ABOVE CREST 01.
- 10126 2 20 10 0 g
: 1.26 -
- Qwn 1 1
o P I g3 —— NAPPE
: < I WN¥ OVERTOPS
: w < 67.50 N S| LIFTING ~
- Q35 33| N FRAME
o2 ¥ 20ix
= E
o -
"~ 5 8 33.75
3
<y é
N o
) > 0 -
' T
v 1
] Oy
£ % 3375 I~ TEST NO. 160 n
. wa TW EL 345.0
R >> HOISTING SPEED 5.5 fpm
67.50 1 L 1 1 1
e 1 2 3 4 5 6
' TIME, MIN
- BULKHEAD POSITION, FT ABOVE CREST
SN 20 10 0
et 101.25 ] 1
W qF] €lo
wo Q W QlaWw
. S S|y
TN |w WwelX Wwels
iy L= xhk Sl aliy X -
: 8 - 67.50 LS TwiX  auwlte
N ¥5 39| <213 2N W
w 2 202 20|z =0
€3 _
I 8 a 33.75
Q
: 3
o F .
5 g
D - :
20 3’ = 3375 -
g
| $5
% > 67.50 [~ TEST NO. 157 7
TW EL 323.0
_u HOISTING SPEED 5.1 fpm
- 101.25 1 1 1 1 L
1 2 3 4 5 6
> TIME, MIN
% HYDRAULIC FORCES
LIFTING FRAME AND ONE BULKHEAD UNIT
LOWERING TEST
'j POOL EL 354.0
»
: PLATE 18
"v

D 0 TR AU AP SR T « .
oL ST, ST S, SN e
R O W S P T iy PR L S SR, T




S e T TR TR ORISR

el PARARREN S8 \...-.-.. MG .~.~.\.l\...|ﬁ..-.11 IMEAENED

' e . AL ' : ’ ’ PR
S ST TF Lt T ..- T N A A 1 SRR
L L R - 1.

........

o)
w
- <
T T T T T © T T T T T © z a
Q P » o
3
Iwvy4 m b
ONILAIT 4. de O2hq
§ ot JWVHS w w - M
IddYN ONILAIT 0dgz
B SJOLYIAO w m &5
g |avawying m 3ddVN <y mm
W g [S4OLYIA0 1+ S lavaHxing 1~ S g
9 3 [sd01v43n0 o
< Q IddYN £
r.ﬂ = - O Z 3
z - ™ = W - ™ =
i 3 w
g : & 3
7] - = =
2
o |3ddvn 8 \
S o [S2ov2N00 £~ 2 IddVYN g~ :
€ N lavinxing ~ z [szoviwnod -
a i o R lovauxing b
o 2 a
a ® w
. -—f - AP - -
gh2 ¢82
Ea b b
HEL wEo
) 1 1 i 1 1 °o 8 A 2 1 i 1 °
& 8 R ° R 2 8 g 8 R e R 2 &
sz & 8 8 & 8 5 &5 8 8 % B .
TININMOa 1417dN TININMOQ 1417dN
SdIN ‘IJHO04 IINNVHAAH TVIILLHIA SdiN ‘IOUO04 JITNVHAAH IVIILLYIA "
N
]
.
H..H
&
DI, _ RS - YYENN  TOONNDEY VRN SESAETAT, ST b SRR | - et




S I A T M i A Sl Mgt A P i - e D T T o=
3 Do
2 &
- o
b~ Lo
l\ .- -
)
{ 7% T T T T - @
3 o
o g A
¢ ¥ S
&) w 50 - - R
] 4 -
xc 3 oy
g Q2 9,
4 .
Y 2 Q2 |- 4 4
* a o
. « S
8 z —
. ) ;‘ﬂ.,’_
-: s o - -:._:
- e o
) |-|>-| E.J - :-
= S |TWEL 3480
> 26 1 | [ 1 =
2 25 20 15 10 5 0 et
3 BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD L
5 o
" " =
a ;
" Y4 :
1 w 50 |- -
5 e o
.. o2
. w O
- r4
(- 02
58
I g 25 —
4 a
. >
dl I
N 3
.4. 9 o o -
E -
) Ww W
y >3
7 S TWEL 3230
"y 1
: 25 1 1 i
- 25 20 15 10 5 0
- BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD
A NOTE : PLOTTED FORCES ARE MAXIMUM OF VALUES
> OBTAINED AS BULKHEAD UNIT WAS SET AT
5, INDICATED POSITION
”;1 HYDRAULIC FORCES
2 LIFTING FRAME AND ONE BULKHEAD UNIT
. ONE BULKHEAD UNIT SEATED ON CREST
E POOL EL 359.0
i
f PLATE 22
¥
\
%
s ; - -




PR s Save S At Sast Mast ShdC s e St iinds Jutt Tt hdC- iy e S dC Rl E AT S A A v e vLvEY. ¥

DOWNPULL
N
a
1
[ 4

VERTICAL HYDRAULIC FORCE, KIPS

UPLIFT

o TWEL 3450 B
25 ] 1 ] i =
. 25 20 18 10 5 0 ot
& BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD

50 T T T T

PRV I W)

< 'l:l.l ;“_..‘L-_“... P
DOWNPULL
N
(4]}
]
[

VERTICAL HYDRAULIC FORCE , KIPS

UPLIFT

TW EL  323.0
25 i i | 1 1
25 20 15 10 ] 0
BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD
NOTE : PLOTTED FORCES ARE MAXIMUM OF VALUES

OBTAINED AS BULKHEAD UNIT WAS SET AT
INDICATED POSITION

N

DEO AT
o

Ay

et
st

OIS

HYDRAULIC FORCES

LIFTING FRAME AND ONE BULKHEAD UNIT
ONE BULKHEAD UNIT SEATED ON CREST
POOL EL 354.0

o

% Y&

.
. .
seL AN

A
'R

-

Nt

PLATE 23

."

3 ‘e Ny

ful_..r..a.
4

l.’

X

Yy

-



|

VERTICAL HYDRAULIC FORCE, KIPS
o
1
1

DOWNPULL

UPLIFT

TW EL 3350
25 [l L
16 10 5 0
BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD

N

o0
-
-

VERTICAL HYDRAULIC FORCE, KIPS
-}
|}
1

DOWNPULL

UPLIFT

TW EL  323.0
1 1

15 10 5 0
BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD

25

NOTE : PLOTTED FORCES ARE MAXIMUM OF VALUES
OBTAINED AS BULKHEAD UNIT WAS SET AT :
INDICATED POSITION o

HYDRAULIC FORCES

LIFTING FRAME AND ONE BULKHEAD UNIT
ONE BULKHEAD UNIT SEATED ON CREST
POOL EL 346.0

T LT )

’
Y

. L T cEe PN .
L R . < . R H
R AR AL i ot L
o P A A
A NSt R AR
5 R , PR




e
»
g
BULKHEAD POSITION , FT ABOVE SEATED BULKHEAD .i
18 12 6 0 ]
¢ 67.50 1 % ! ) T "3
¥ Q Iq ©
g 2 &‘ il L™ “~@1
G2 LY © ik
o RO0im Sls
58 g|3
2 w|x
< >IW
3 Ol
> 0 wiL
I Q=
5 ] TEST NO. 263 § -
S TW EL 348.0 ~
E‘ 33.75 HOISTING SPEEP 4.7 fom | |
0 1 2 3 4
TIME, MIN
BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD
18 12 6 0
g 67.50 1 T ] T
X Q
. 1%
g S co
-3+ wh X Q
Oa a & b4 Q w
wZ 3375 b wid ~|=
o= 33. % ) ol
49 20|x Wi
38 3
« 1G]
=1 Wi
> al=
x 0 al~
a8 <%
<= -
33 TEST NO. 261
E = TWEL 323.&’55 ofp
HOISTING D 5. m
Y 3375 1 1 1
0 1 2 3 4
TIME, MIN
HYDRAULIC FORCES
LIFTING FRAME AND ONE BULKHEAD UNIT
LOWERING TEST )
ONE BULKHEAD UNIT SEATED ON CREST = 3
POOL EL 359.0 -

PLATE 25




% Tt i S “ S B A AT U 4 e i s - RN PR PR R N hd MRS AR A A
BULKHEAD POSITION. FT ABOVE SEATED BULKHEAD
18 12 6 0
0
. a 67.50 T  § T
. ¥
'.-:; « :I’
3 >
o 2 3375 .
28
<
[
Q
T 0 -
- -
s TEST NO. 267
E g TW EL 345.0
x HOISTING SPEED 4.8 fpm \ \
> 3375 d
() 1 2 3
TIME, MIN
BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD
0 18 12 6 0
& 6750
b4 ' ! !
ui
g 3
o2
o £3375 | -
> 8
-
[ <
o
x o} -
<+
S u TEST NO. 264
E 2 TW EL 323.0
e 3 HOISTING SPEED 4.6 fom
> 3375 1 |
0 1 2 3
TIME, MIN
HYDRAULIC FORCES
LIFTING FRAME AND ONE BULKHEAD UNIT
ONE BULKHEAD UNIT SEATED ON CREST
POOL EL 354.0
PLATE 26
A N I, S P e D R TR LT e e e e e T e e




W P PN Tt T e TN AWy NE T P Tl e w R ERTTE L T
ERF e e S ot M N e A I - Tt

----------

«
RN

{::.i‘- BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD

a 18 12 6 0
( 67.50 T T T .!

RS
“ees
IANE R EAN

33.76 =

BULKHEAD
CONTACTS
NAPPE

DOWNPULL

33.75 |- =

TEST NO. 271
TW EL 335.0

HOISTING SPEED 5.0

67.50 1 1 1
: 0 1 2 3 4
: TIME, MIN

BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD

18 12 6 0
67.50 T Y ]

St '34.1 _.l‘_‘o'_ s
VERTICAL HYDRAULIC FORCE, KIPS
UPLIFT
1

O, .
OO

l"l‘ &
Sl

BULKHEAD
CONTACTS
NAPPE

L

33.75 p~

DOWNPULL

R

#

375 - =

TEST NO. 269
TWEL 323.0
HOISTING SPEED 5.1 fpm

67.50 1 ] l
0 1 2 3 4
TIME, MIN

HYDRAULIC FORCES

: LIFTING FRAME AND ONE BULKHEAD UNIT
LOWERING TEST

La ONE BULKHEAD UNIT SEATED ON CREST
.. POOL EL 348.0

JURPLE
UPLIFT

VERTICAL HYDRAULIC FORCE, KiPS
o
|
L

8,0

B I I §

-

B §

PLATE 27

'D
g

o S T T T




ey g
a

DX

Ll & o+ a4

bo AR D D

e

e
,_.
2% T 2% -T
- S
él —
-—
: =
o
et
o |- W 4 o} %" o
L r
- L
¥
=)
-3 L
e 26 A 25
Q 10 5 0 10 5 0
3 BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD
g POOL EL 359.0 POOL EL 359.0
e TW EL 348.0 TWEL 323.0
X
-4 25 T 25 T
S 5
x 2
4
3
[V M - o r M -
-
w
-
a
S
26 1 2 l
10 6 0 10 5 0
BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD
POOL EL 354.0 POOL EL 364.0
TWEL 345.0 TWEL 323.0
NOTE : PLOTTED FORCES ARE MAXIMUM OF VALUES
OBTAINED AS BULKHEAD UNIT WAS SET AT
INDICATED POSITION
HYDRAULIC FORCES
LIFTING FRAME AND ONE BULKHEAD UNIT
TWO BULKHEAD UNITS SEATED ON CREST
PLATE 28
R R S T T T RN




Pt A e A A iach i Ahall Mgt Siaul Nadh W (L Mo 2 L Sl gt E S i i S A S A S S A S S - -u S Sl ot ah et S Bt 4 O T rel
ERADANA A R AR ASY A AR AT 0 U "ai ) S A N L e AR DM A SO AT A AR M L AL AR ARt i A R T

BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD

e e .
o e tate e e
poat gy S T .

f . . . e .

LA .]. S '..!‘,‘ .

ea®nataal O L.

3 33.75 33375
5 =) 8
= g S
: 2 L
o o o
S 3 )
£5 > e
X 3375 1 33.76 1 ol
3] 0 1 0 1 i
g o
o TEST NO. 272 TEST NO. 275 i
o POOL EL 359.0 POOL EL 359.0 : _i!{
2 HOISTING SPEED 4.9 HOISTING & ]
2 9 fpm HOISTING SPEED 4.9 fpm S
= o
> RS
T R
- :
o BULKHEAD POSITION, FT ABOVE SEATED BULKHEAD
<|2
a. [- %
§ % '5 w § % 2 w
Xz xles
8 5|10 8 o[ <
0 - 0! O Z o 0O 2
& T""" e "ﬂ & W" " """“i
=3 pr
5 S
33.75 l 33.75 1
0 1 0 1
TIME, MIN TIME, MIN
TEST NO. 279 TEST NO. 276
POOL EL 354.0 POOL EL 354.0
TW EL 345.0 TW EL 323.0
HOISTING SPEED 4.9 fpm HOISTING SPEED 4.9 fpm

v

» e s et d
. P
. it

o &

HYDRAULIC FORCES

LIFTING FRAME AND ONE BULKHEAD UNIT
LOWERING TEST .
TWO BULKHEAD UNITS SEATED ON CREST =20

PLATE 29




ol lnl

PP WPy

ol ol







